Absolute refractive indices and thermal
coefficients of CaF,, SrF,, BaF,, and LiF near 157 nm
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We present high-accuracy measurements for wavelengths near 157 nm of the absolute index of refraction,
the index dispersion, and the temperature dependence of the index for the ultraviolet optical materials
with cubic symmetry: CaF,, SrF,, BaF,, and LiF. Accurate values of these quantities for these ma-
terials are needed for designs of the lens systems for F, excimer-laser-based exposure tools for 157-nm
photolithography. These tools are expected to use CaF, as the primary optical material and possibly one
of the others to correct for chromatic aberrations. These optical properties were measured by the
minimum deviation method. Absolute refractive indices were obtained with an absolute accuracy of 5 X

1076 to 6 x 1078,
OCIS codes:

1. Introduction

Recent developments in semiconductor lithography
with molecular fluorine (Fy) excimer lasers, emitting
near 157 nm, have made it necessary to obtain accu-
rate data for the refractive-index properties of optical
materials near this wavelength. Designing and im-
plementing precision 157-nm optics requires accu-
rate values of the absolute index of refraction, the
index dispersion (dn/d\), and the temperature de-
pendence of the index (dn/dT) at this wavelength for
the optical materials used. Sample-to-sample vari-
ations of these properties must be known as well.
The requirements that the materials be highly trans-
parent near 157 nm, have isotropic optical properties,
relatively low hygroscopicity, and good-quality pol-
ishing characteristics leave a short list of candidate
materials, principally the cubic-symmetry fluorides
CaF,, SrF,, BaF,, and LiF. CaF, is generally con-
sidered the principal candidate, but to achromatize
all-refractive optics over the F, laser bandwidth may
require combination with at least a second material.

Accurate index data (uncertainty <1 x 107°) for
CaF,, by use of the minimum deviation method, are
available for longer wavelengths. Malitson pub-
lished refractive indices for CaF, for wavelengths
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120.5710, 160.4670, 160.4760.

from 9700 nm down to 230 nm.! Gupta et al. pub-
lished CaF, data for wavelengths near 193 nm.2 In-
dex values for CaF,, SrF,, BaF,, and LiF are
available at lower accuracy for wavelengths down to
their band edges in the compilation by Palik, taken
from various sources referenced therein.? However,
these latter values have uncertainties of the order of
1 X 1073, several orders of magnitude larger than
required for lithography optics design. To our
knowledge, there are no published index measure-
ments for these materials near 157 nm with an ac-
curacy in the required range of approximately 1 X
10~° previous to this study.

In this paper we report accurate (absolute uncer-
tainty ~5 X 10~°) measurements of the absolute in-
dex of refraction, the index dispersion (dn/d\), and
the temperature dependence of the index (dn/dT)
near 157 nm for CaF,, SrF,, BaF,, and LiF, as well as
some sample-to-sample variations. [All uncertain-
ties in this paper are combined standard (¢ = 1)
uncertainties.4] These results are summarized in
Table 1 of Section 3. We first describe in Section 2
the methods and procedures used to make the mea-
surements. These are based on the minimum devi-
ation method, which is commonly used to measure
the indices of optical materials with high accuracy for
visible and near-ultraviolet wavelengths. However,
implementation of this method in the vacuum ultra-
violet (VUV) region, where the oxygen component of
air is highly absorbing, required substantial modifi-
cations of the usual procedures. The results are pre-
sented in Section 3 and discussed in Section 4.
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Fig. 1. Schematic of the UV goniometric spectrometer with re-
flective optics. S1 and S2 are the entrance and exit slits, respec-
tively; M1 is a collimating mirror and M2 a focusing mirror.

2. Measurement Procedure

Our procedure was based on the minimum deviation
technique.5¢ In this method a prism of the material
is fabricated with a nominal apex angle A, which is
accurately measured. One measures the deviation
angle D of monochromatic light of wavelength \ as it
passes through the prism. If the prism is oriented
symmetrically with respect to the incident and trans-
mitted light, the deviation is at a minimum and the
absolute index of the material n,,,, at the wavelength
\ is given by Eq. (1) shown below. 7, depends at
the wavelength N\ only on the minimum deviation
angle D()\), the apex angle A, and the index of the
surrounding gas n,,.

sin

) [A + D(x)]

nmat()\) = —A ngas()\)- (1)
sin( )

Our implementation of the minimum deviation
method for wavelengths in the UV is indicated sche-
matically in Fig. 1, which shows a goniometric spec-
trometer with all-reflective optics.2 A prism of the
material with a nominal apex angle A of 60° is
mounted on the turntable of the goniometric spec-
trometer as indicated in Fig. 1. The beam of a
He—Ne laser, which enters the goniometer through
the entrance slit S1, is used to align the prism so as
to achieve a minimum in the deviation angle D. The
turntable of the goniometer is then locked to a precise
mechanical 6-to-20 drive that maintains the mini-
mum deviation alignment of the prism while focusing
mirror M2 and exit slit S2 are scanned from one
spectral line to the next with a stepper motor and
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Fig. 2. Schematic of the UV goniometric spectrometer enclosed in
a temperature-controlled N, gas purge housing for index measure-
ments near 157 nm.

precision gears. A Sb—Cs photomultiplier tube
(PMT) detector with MgF, windows, sensitive in the
region ~120-650 nm, is mounted behind exit slit S2.
The refractive index of the prism material n_,, at a
wavelength \ relative to the index of the surrounding
gas medium n,, is calculated with Eq. (1) once the
apex angle A and the minimum deviation angle D(\)
have been measured.

Because of mechanical limitations, it was not pos-
sible to observe the undeviated beam in this system.
This spectrometer was therefore restricted to mea-
surements of deviation angle differences for two
wavelengths. We obtained absolute deviation an-
gles for wavelengths near 157 nm by adding absolute
deviation angles for visible spectral emission lines
from He, Hg, and Cd spectral lamps, measured on a
separate visible refractive goniometric spectrometer,
to the relative deviations between these visible lines
and deuterium arc lamp lines near 157 nm, measured
on the UV goniometric spectrometer. We obtained
the relative angular deviations by scanning the UV
goniometric spectrometer between the visible lines
and the deuterium lines near 157 nm using the step-
per motor. Several scans were recorded on a com-
puter, and we determined the angular position for
each spectral line by fitting the recorded lines to
Gaussians and taking the average of the Gaussian
centers. The uncertainty of the minimum deviation
angle measurements was 1.6 arc sec. We measured
the apex angles of the prisms by mounting them on a
different goniometer and making a series of measure-
ments of the orientation angles of the prism faces
with an autocollimator and comparing these with a
calibrated reference angle. The standard deviation
of an apex angle measurement was 0.24 arc sec.

Because O, absorbs strongly for wavelengths below
approximately 185 nm,? the relative deviation mea-
surements between the visible and the 157-nm wave-
lengths were made in a N, purge gas environment.
As shown schematically in Fig. 2, the spectrometer
and spectral line sources were enclosed in a sealed
chamber with adjustable exhaust ports, purged with
N, gas.® The N, gas flowed from the controlled
boiloff from a liquid-N, tank. The residual O, con-
tent was monitored with an O, analyzer. Because
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Fig. 3. Deuterium lamp spectrum near 157 nm taken with the
NIST FT700 VUV Fourier-transform spectrometer. The wave-
length accuracy is 0.02 pm; the instrumental resolution is 0.1 pm.

the absorption coefficient of O, near 157 nm is & ~
200 cm ™! atm™17 to obtain sufficient transmission
near 157 nm over the ~2-m optical path from the
spectral line sources through the goniometer to the
detector, we held the O, content below approximately
10 parts per million during the measurements. We
controlled the gas and prism temperatures by first
flowing the Ny gas through a temperature bath with
its temperature adjusted by a feedback control loop to
the prism temperature, determined by several cali-
brated Si-diode thermometers. This procedure en-
abled temperature control to 0.05 °C.

The relative angular deviation measurements were
made between six visible spectral emission lines from
He, Hg, and Cd lamps and eight spectral emission
lines in the range 156.8-158.6 nm from a low-
pressure deuterium lamp. (Low-pressure deute-
rium lamps have strong, sharp spectra lines in the
range of approximately 150—-165 nm.) We obtained
the wavelengths of these deuterium lines using the
FT700 VUV Fourier-transform spectrometer that we
developed at the National Institute of Standards and
Technology (NIST).? A vacuum spectrum near 157
nm of our deuterium lamp taken with the Fourier-
transform spectrometer is shown in Fig. 3. The
wavelength accuracy was 0.02 pm, and the instru-
mental resolution was 0.1 pm. (Because the wave-
lengths of the peaks of the deuterium lamps vary
somewhat between lamps, this calibration is valid
only for this lamp.)

The absolute deviations of the visible lines were
measured with the visible goniometric spectrometer
in air with the temperature controlled and the pres-
sure and humidity monitored. The 157-nm relative
deviation measurements were made in a dry N, at-
mosphere with the pressure monitored and the tem-
perature controlled to the temperature that was used
to measure the visible wavelength deviations. We
obtained the absolute angular deviations in N, gas of
the eight spectral lines near 157 nm by adding the
relative deviations between the visible and the
157-nm lines to the absolute deviations of the visible
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lines, corrected to the N, gas environment by using
the visible airl® and N, gas!? refractive-index disper-
sion relations and Eq. (1). For each of the eight
spectral lines measured near 157 nm, the index of
refraction of the sample relative to N, gas at the
temperature and pressure measured was obtained
with Eq. (1) with the measured apex angle A and
deviation angle D(\). We obtained the absolute in-
dices of the eight spectral lines by multiplying the
relative indices by the index of N, gas at the VUV
wavelengths. We determined the index of N, gas
interferometrically and include it below as Eq. (2).12
The formula gives the index of N, gas, with a stan-
dard uncertainty of 0.2 X 1078, for \ in the range
145-270 nm for temperatures and pressures near
standard conditions: 7 =0 °C and P = 1.01325 bars
(1.01325 x 10° Pa or 1 standard atmosphere). Here
\ is in nanometers, 7' is in degrees Celsius, and P is
in bars.

[n(\) — 1]T,P =[n(\) — 1],

% P 273.15
1.01325/ \273.15+ T

0. 9995555)

|
[1+ [(n(k)— 1)0] [1
Lo

273.15 -
1.01325/ \273.15 + T ’

(2)

X

X

where

[n(N) — 1lo=[n(\) - 1]0“0, 1.01325bars
B 1.9662731
 22086.66 — (1000/)\)?
N 0.027450825
133.85688 — (1000/))?’

Z=1- ) (44.45 - T) X 107°.

(1.01325

Finally, a least-squares quadratic was fit to the mea-
sured indices to determine the dispersion in the
range from 156.8 to 158.6 nm with an absolute accu-
racyof o =5 X 107 %to 6 x 107¢

The temperature of the prism, prism holder, and
N, gas could be varied and controlled between 19 °C
and 26 °C with an accuracy of 0.05 °C. This allowed
us to measure the relative index of refraction of spec-
tral lines near 157 nm at approximately 1 °C inter-
vals. Separate measurements were made for
increments in temperature in ascending and de-
scending order. For each series a linear least-
squares fit to the data was obtained to obtain dn/dT
in N, gas, and the results for the two series were
averaged. In all cases the deviation from the aver-
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Fig. 4. Absolute refractive index of the CaF, sample C at
20.00(5) °C at eight deuterium lamp spectral line wavelengths in
the range 156.8-158.6 nm. The curve is a quadratic least-
squares fit to the data and is given by the inset formula. The first
two coefficients give the index and dispersion at 157.63094 nm.

age was less than the uncertainty of the linear
least-squares fit. Correcting for the temperature
dependence of the index of N, gas from Eq. (2)
enabled us to determine the temperature coefficient
of the absolute refractive index of the materials
near 157 nm.

3. Results

The absolute index of refraction of three recently
grown samples of calcium fluoride from three suppli-
ers was measured for eight deuterium lamp spectral
lines between 156.8 and 158.6 nm. The samples are
labeled here A, B, and C. Sample A was measured
twice independently. The measurements were
made at slightly different temperatures near 20 °C,
but they were all normalized to 20 °C with the tem-
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Fig. 5. Absolute refractive index of three samples of CaF, from
three different suppliers at 20.00(5) °C and at 157.63094 nm.
Sample A was measured twice independently. The error bars
correspond to standard uncertainties of 6 X 10~° for sample A and
5 X 107° for samples B and C. The results for sample C are
included in Table 1.

perature coefficient measured separately and dis-
cussed below. A quadratic polynomial was fit to the
normalized data for each sample to obtain a disper-
sion curve near 157 nm. The normalized data for
sample C along with the quadratic dispersion curve
near 157 nm are shown in Fig. 4. The coefficients of
the quadratic polynomial fit for this sample are given
in the fifth column of Table 1. This dispersion rela-
tion has a standard uncertainty of o = 5 X 1076 over
the range 156.8—-158.6 nm. The dispersion curves
for each sample were evaluated at the F, excimer
laser vacuum wavelength 157.63094 nm,!3 and these
results are shown for comparison in Fig. 5. The er-
ror bars for samples B and C correspond to a standard
uncertainty of ¢ = 5 X 1076, The error bars for

Table 1. Absolute Index, Dispersion, and Temperature Dependence of LiF, CaF,, SrF,, and BaF, near 157 nm®

Absolute Index dn/dx dr/dT Coefficients of
[20.00(5) °C] (157.63094 nm) (near 20 °C) n(\) = aq + a,(A — 157.63094)
Material (157.63094 nm) (nm™Y) cCc™Y + ay(\ — 157.63094)2
LiF 1.485152(6) X 10~¢ —0.001711(7) 0.4 X 107%/°C (vacuum) ao = 1.485152
(£1.6 X 107%/°C) a; = —0.001711
2.2 X 107%/°C (N,) a, =36 X 1078
CaF, C: 1.559262(5) X 107¢ C: —0.002609(4) 6.1(3) X 107¢/°C (vacuum) Sample C: ¢, = 1.559262
(three samples) average: 1.559261 average: —0.002607 8.0(3) X 107%/°C) (Ny) a, = —0.002609
spread: 16 X 107¢ spread: 6 X 107¢ a, =63 x 1075
SrF, 1.575580(6) x 10~¢ —0.003055(5) 3.9 X 107¢/°C (vacuum) a, = 1.575580
(*1.5 X 1078/°C) a, = —0.003055
5.8 X 1078/°C (Ny) a, =59 x 1075
BaF, D: 1.656684(6) X 10°¢ D: —0.004375(4) 8.6(5) X 107¢/°C (vacuum) Sample D: a, = 1.656684
(three samples) average: 1.656682 average: —0.004370 10.6(5) X 107¢/°C (N,) a, = —0.004375

spread: 26 X 107®

spread: 9 X 1076

ap = 1.05 X 1074

2Absolute index of refraction (column 1), dispersion (column 2), and temperature dependence of the index (column 3) at 157.63094 nm.
The temperature is 20.00(5) °C. For CaF, and BaF, three samples were measured, and data are given for one sample each, along with

the averages and spreads.

given in column 1.

The coefficients of quadratic polynomials that were fit to the refractive-index data between 156.8 and 158.6
nm are listed in the rightmost column for one sample of each material.

The formula is valid in this range with the standard uncertainties

1 May 2002 / Vol. 41, No. 13 / APPLIED OPTICS 2511



1.656705 :

1.656700 ]
c 4
S 1656695 .

s
]
[+
D
©
o
T
1

1.656685 ]

1.656680 |- ]

1.656675 1
1656670 | ]
1.656665 |- .

Absolute Index of Refract

1.656660 1
1.656655

D E F
Barium Fluoride Samples from Suppliers D, E, and F

Fig. 6. Absolute refractive index of three samples of BaF, from
three different suppliers at 20.00(5) °C and at 157.63094 nm. The
error bars correspond to standard uncertainties of 6 X 107€ for all
samples. The results for sample D are included in Table 1.

sample A correspond to a standard uncertainty of ¢ =
6 X 1076, Note that the index values for the three
samples have a spread of 16 X 1075, suggesting a
sample-to-sample index variation on this order.

The results for CaF, are summarized in the second
data row of Table 1. The first data column gives the
index and its uncertainty for sample C evaluated at
157.63094 nm, along with the average and spread of
the indices for the three samples. The second col-
umn gives the dispersion (dn/d\) and its uncertainty
for sample C evaluated at 157.63094 nm, along with
the average and spread for the three samples. The
third column gives the temperature dependence (dn/
dT) of the absolute index and its uncertainty near 157
nm and 20 °C for one CaF, sample determined as
described in Section 2 above. Values are given for
vacuum and for 1 atm of N, gas.

Using methods similar to those used for CaF,, we
also measured the absolute index of refraction, the
index dispersion, and the temperature dependence of

the index for three recently grown samples of BaF,
labeled here D, E, and F. The results for the abso-
lute index at 157.63094 nm and 20 °C for the three
samples are shown in Fig. 6. The spread of the in-
dex values is 26 X 1078, well outside the error bars.
The results are summarized in Table 1. Similar
measurements were also made for one sample each of
recently grown SrF, and LiF, and the results are
summarized in Table 1.

The uncertainty of the absolute index measure-
ments is stated in Table 1 as 0 = 5 X 107 for two
samples of CaF, and o = 6 X 107° for the LiF, SrF,,
and BaF, samples. A number of factors contributed
to the uncertainties, and these are summarized in
Table 2. By far the dominant contribution to the net
uncertainty comes from the uncertainty in the mini-
mum deviation angle measurements, which cannot
be significantly improved in our systems. These re-
sult from combined uncertainties of the deviation an-
gles for the visible angle measurements and the
relative angle measurements discussed above. The
angles for both goniometers were determined from
ruled scales in the instruments with previously de-
termined absolute accuracies of 1 arc sec. Addi-
tional uncertainties were introduced by our scale
reading procedures, which with averaging resulted in
anet deviation angle uncertainty of 1.6 arc sec. This
is consistent with the fact that values of the absolute
UV deviation angles for a given wavelength deter-
mined by use of the different visible lines (with dif-
ferent regions of the goniometer scales) agreed within
1 arc sec, and these measurements were averaged.
The next largest contribution to the uncertainty is

from the intrinsic birefringence discussed in Section
4.

4. Discussion

LiF, CaF,, SrF,, and BaF, can all be grown as large,
high-quality single crystals and have absorption
edges deep in the VUV. They each have cubic sym-
metry [space group Fm3m (0,°)] and consequently
have isotropic optical properties. For these reasons

Table 2. Uncertainty Budget for Refractive-Index Measurement

Source of Uncertainty Value Index Uncertainty

Apex angle A 0.24 arc sec 0.7x107¢
Deviation angle D

Visible goniometer deviation measurement uncertainty 1.1 arc sec

Visible goniometer effect of temp., press., hum. uncertainty 0.1 arc sec

UV goniometer deviation measurement uncertainty 1.2 arc sec

Net deviation angle uncertainty 1.63 arc sec 49x10°¢
Wavelength \ 0.02 pm 0.1 x 10°¢
Index of N, gas n,,,

Index uncertainty 02 x10°® 0.2 X 1076

Temperature uncertainty 0.05 °C 0.1x 10°¢

Pressure uncertainty 1 bar 0.3 X 106
Material temperature 0.05° 0.3 x 1076
Correction to 20 °C 0.05 0.6 X 1076
Intrinsic birefringence 1(3) x 1078 1(3) x 107

Combined uncertainty®

5.1(5.8) X 10~¢

“All uncertainties are standard (£ = 1) uncertainties.
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they are principal materials used for precision optics
applications in the VUV, in particular for 157-nm
lithography. The alkali halide LiF, with the cubic
NaCl structure, has the largest-energy absorption
edge. The alkaline earth fluorides CaF,, SrF,, and
BaF,, with the cubic fluorite structure, form a series
in the order of increasing mass of the group II ele-
ment and have decreasing absorption edge energies.
The index results summarized in Table 1 of Section 3
are listed for the materials in this order of decreasing
absorption edge energy. As might be expected, this
trend correlates with larger indices and larger mag-
nitudes of the dispersions for all the materials.

The indices of refraction are given with absolute
accuracy of 5 X 107% to 6 X 107° limited by the
deviation angle measurement. Although improve-
ment in this angle measurement could reduce this
uncertainty somewhat, there is an inherent limita-
tion on the significance of this type of measurement of
an isotropic index value. In spite of the fact that
these materials have cubic symmetry, they must ac-
tually have intrinsic birefringences at short wave-
lengths because of spatial dispersion.4-16 It was
recently shown that CaF, and BaF, have intrinsic
birefringences at 157.63 nm of 1.12(4) X 10~¢ and
3.4(3) X 107¢, respectively.’® Our calculations of in-
trinsic birefringences near 157 nm for SrF, and LiF
predict values alsoin this range. Thus, for measure-
ments in this wavelength range with uncertainties
much below our values, the materials must be con-
sidered birefringent, and appropriate modifications
of the measurement procedures by use of polarizers
must be made.

The temperature dependencies (dn/dT) listed in
the third column of Table 1 are all positive at 157 nm,
although the values are not in a monotonic sequence.
For CaF, this value is negative at longer wavelengths
[dn/dT (458 nm, 20 °C) = —11 X 107%/°C.17] This
trend from negative values of dn/dT at longer wave-
lengths in the visible to positive values in the VUV
holds for SrF,, BaF,, and LiF as well. [For SrF,,
dn/dT(458 nm, 20 °C) = —12 X 10~¢/°C; for BaF,,
dn/dT(458 nm, 20 °C) = —15.6 X 10 ¢/°C; for LiF,
dn/dT (458 nm, 20 °C) = —16 X 10~¢/°C.17]

Our index measurements have several implica-
tions for precision refractive optics design at 157 nm.
The magnitude of the dispersion near 157 nm for LiF
and BaF, is 34% smaller and 68% larger, respec-
tively, than that of CaF,. This may make LiF and
BaF, good candidates for second materials to be com-
bined with CaF, for chromatic aberration correction
at 157 nm. Index measurements of three samples
each of CaF, and BaF, show sample variations of
16 X 107° and 26 X 1076, respectively, well outside
the index uncertainties of 5 X 107 to 6 x 1076,
These sample index spreads suggest differences in
material quality for even the best material available

at this time and may have implications for design
tolerances.
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